Introduction
The majority of epidemiological research into occupational lung disease has been advanced by the study of individuals, typically in a workplace setting, with predominant study designs being cohort, case-control and cross-sectional [1 ] . Ecological studies are rarely used to study occupational lung disease; ecological studies that do may show information about occupation as a confounder rather than being the main focus of the study. For example, an ecological regression study (in preparation) [2] showed the impact of the association of area-based pneumoconiosis mortality rates (assumed to reflect impact of coal mining) with area-based COPD mortality rates. The latter were adjusted for cumulative smoking exposure using area-based lung cancer mortality rates as a proxy as this information is not readily available directly.
Ecological studies are classed as analytic observational studies and are usually used for hypothesis generation. The unit of observation is a group of people in which grouping may be by area of residence, distance from a factory or type of occupation; the statistical analysis in such a study usually uses rates as the outcomes of interest, for example, leukaemia incidence rates for each residential area, respiratory hospital admission rates for each distance band from factor and mesothelioma mortality rates for each occupational group [3] . The main ecological study designs are time series and spatial studies. Time series studies have been most extensively used in air pollution epidemiology; rates of disease such as cardiovascular hospitalizations per day are related to air pollution concentrations in a defined area. Spatial studies use routine data on health and exposures to compare groups in different geographical areas, for example, rates of disease in those living near certain industrial installations (or a point source) compared with those further away.
In these study designs, only group-level information is available on exposures, disease and confounding factors such as smoking (or proxies thereof). Because of the bias introduced by inferring information about individuals from group-level data (the ecological fallacy) [4], they
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Recent findings
Ecological studies often use routinely collected data, and this is becoming much more extensive and better validated with potential for increasing use in occupational health research. Improvements in computing power and statistical and geographical information systems methodology have led to more sophisticated mapping techniques and greater use of spatial information when investigating lung diseases usually related to occupational exposures. Ecological study methodology is experiencing a radical overhaul with supplementation of group-level data with information from small-scale individual-level studies. This hybrid design can be used to reduce bias and increase power and is directly applicable to the enhancement of aggregate information from job exposure matrices. Summary Studies of occupational lung disease can be enhanced by incorporating methodological innovations from ecological and spatial studies.
are held to be a less strong study design than casecontrol, cohort or randomized controlled trials.
The traditional ecological study has been used in the following ways that may also be of benefit for investigation of occupational lung disease:
( Ecological studies often make use of data available on large population-based national and regional databases such as cancer registries, hospital databases and compensation claims for occupational illness. These databases and linkages across them are becoming increasingly sophisticated. Ecological data are used extensively in spatial studies, aided by both developments in geographical information systems and Bayesian statistical techniques [6] . In addition, traditional ecological study methodology is currently undergoing a radical overhaul. There are implications for occupational disease analysis, most notably potential improvements exposure estimates using job exposure matrices (JEMs). These three areas will be further discussed below.
Most traditional statistical analyses in common usage in current medical research use techniques based on a frequentist statistical philosophy, but statistical analyses based on a Bayesian philosophy are increasingly being adopted. A discussion of statistical philosophies is beyond the scope of this review, but readers are referred to a short article by Bland and Altman [7] for an introduction to the difference between frequentist and Bayesian analyses. In brief, in a Bayesian framework, the statistical model can be specified to incorporate prior scientific knowledge or beliefs, and end results are expressed as the probability of a parameter, given the observed data. These steps are similar to clinicians using evidence-based medicine in clinical diagnostic situations -specifying a pretest probability (i.e. 'prior beliefs'), doing a clinical test (i.e. obtaining 'observed data') and deriving a posttest probability given pretest probability and results of the test (i.e. 'end results'). In a frequentist framework, the incorporation of prior scientific knowledge is less explicit than in a Bayesian statistical model, and probabilities should technically be interpreted as frequencies that would be observed given a long run of repeated sampling.
Developments in routinely collected data
With the increasing computerization of healthcare systems, many countries, regions and healthcare providers now hold large routinely collected databases going back many years. In the UK, this will soon extend to an electronic patient record (website: http://www. connectingforhealth.nhs.uk/systemsandservices/nhscrs) with information from all National Health Service patient contacts from primary care to tertiary care. Some of the most detailed information is collected in Scandinavian countries [8 ] , with additional value from linkages across health databases. This offers a number of opportunities to investigate occupation-related lung diseases. For example, a study in Leeds, UK [9 ] combined hospital records, a histology database and coroners' reports to produce the first unselected population-based study of the natural history of mesothelioma. Although routine data sources are generally large, comprehensive and readily available, recent articles have examined issues in interpreting and using them [10 ,11] , particularly when coding versions change [e.g. from International Classification of Diseases (ICD)-9 to ICD-10] [12] .
Databases containing occupational information can be enhanced with additional information, including JEMs to investigate links between potentially hazardous exposure and health outcomes. Some JEMs, such as the Finnish job exposure matrix (FINJEM) [13] published in 1998, have been specifically produced for use in large registrybased studies for hazard surveillance and control. FIN-JEM was first validated by being used to replicate the previously observed association between exposure to crystalline silica and lung cancer [14] . Laakkonen et al.
[8 ] then investigated the cancer risks from occupational exposure to moulds and bacteria using Finnish census data from 1970 and information from FINJEM, which gave information on average exposure levels to major occupational exposures in Finland since 1945. Information on alcohol and smoking were obtained from occupational averaged group-level data from national health behaviour surveys. It was concluded that occupational exposures to mould or bacteria were unlikely to be major risk factors for cancer, but interestingly, a reduced risk for lung cancer was seen with higher mould and bacterial exposures (exposure to moulds was strongly correlated in the cohort investigated). The authors of the paper commented that this might give support to the hypothesis that bacterial endotoxins reduce the risk of lung cancer [8 ] .
Mapping and spatial analyses
Depending on the information collected and its validity, routine data may be employed in a number of ways, for example, aetiological studies, tracking spatial and temporal trends of disease or examining healthcare usage, particularly on diseases highly attributable to occupational exposure. Mapping alone can be informative, for example, mapping asbestos-related disease standardized mortality ratios in UK districts from 1981 to 1999 [15] (Fig. 1) showed highest rates in the industrialized urban areas near London, Newcastle and Glasgow and in former shipbuilding centres such as Plymouth.
Hypotheses raised from mapping can be followed by analytical studies. For example, lung cancer and mesothelioma rates were found to be higher in former shipbuilding areas of the United States and in counties with arsenic smelters (http://dceg.cancer.gov/atlas/text2/ full_txt.html) [17] . A recent update for mesothelioma [18 ] using US registry data continued to show higher rates in shipyard areas on the west coast but confirmed the expected decline in the higher rates of mesothelioma in older ages.
A common problem encountered when mapping disease data is the small number of cases in which observational 'noise' may obscure risk patterns, particularly at fine spatial scales. This can be addressed within a hierarchical statistical model, essentially smoothing the data and providing statistical probabilities for observed relative risk (RR) (e.g. 80% probability that 'true' RR is >1 for an area). This type of modelling is usually implemented in a Bayesian statistical framework [19] , allowing more meaningful interpretation of maps when the number of cases per area is sparse. It is increasingly used in mapping of registry and other population-based data, for example, it will be used for forthcoming Thames Cancer Registry maps covering London and the southeast of the UK. Different model specifications are available and have recently been reviewed in a study [20] that also examines strengths and weaknesses of the several formulations of statistical models for disease mapping. These mapping methods are essentially conservative, with high specificity [21] .
Spatial studies in occupational lung disease
A further recent development is joint modelling of spatial distribution of risk for diseases that share risk factors in common, the shared component model [22] . This has been used in an ecological study indirectly examining the relationship between chronic obstructive pulmonary disease (COPD) mortality and coal mining exposures in the UK [2] . First, the spatial distribution of mortality from COPD and lung cancer was jointly modelled [23 ] . This permitted adjustment of area COPD mortality risks for lung cancer mortality using the latter as a proxy for smoking [23 ] . A subsequent ecological regression indicated higher COPD risks (adjusted for the smoking proxy) in areas with high pneumoconiosis mortality (a proxy for areas with high coal mining-related exposures) after also adjusting for deprivation, SO 2 air pollution, fruit and vegetable purchases, temperature and rainfall (in preparation) [2] .
Where there is a cluster of a disease usually associated with occupational exposures that cannot be readily explained, a study examining the spatial clustering of such cases can result in useful hypotheses about putative environmental sources that can be examined with further analyses and follow-up studies [24 ] . For example, chronic beryllium disease is primarily related to occupational exposure, but residential mapping of nonoccupationally acquired cases may confirm an association with a suspected industrial source [25 ] and help identify the populations at risk [26] in which beryllium disease should be included in the differential diagnosis of cases of sarcoidosis. Airborne exposure to asbestos was the most likely cause of a cluster of mesothelioma cases in Japan, where a spatial analysis of mesothelioma cases, including dispersion from the putative factory source, confirmed highest rates downwind [27 ] . This was combined with individual-level information to exclude occupational and other environmental sources of exposure such as from housing and road materials.
Enhancement of ecological studies by inclusion of individual-level data and application to job exposure matrices A limitation of traditional ecological studies is that they suffer from what is termed an 'ecological bias' [4], whereby inferences about associations between grouplevel exposures and group-level outcomes are not necessarily the same as the association between the same exposures and outcomes at the individual level. For example, the increase in the rate of lung cancer in the workforce associated with, say, a doubling of the average concentration of radon in the workplace is not necessarily the same as the increase in risk of lung cancer to an individual whose occupational radon exposure is doubled. Differences between individual and grouplevel risk estimates in ecological studies can arise for various reasons, in particular, if the exposure varies within the group. Recently, statistical methods for combining random samples of individual-level data with group-level data on the same variables have been developed, which aim to alleviate ecological bias by accounting for the within-group variability in exposure. For example, exposure measurements on samples of around 50-100 individuals per group can be used to supplement aggregate exposure and outcome data and then average the exposure-outcome relationship over the within-group exposure distribution as outlined by Prentice [28] . The hierarchical-related regression (HRR) method of Jackson et al. [29] enables individual-level exposure-response relationships to be estimated from a joint analysis of individual-level and group-level data on both outcomes Figure 1 Map of asbestos-related disease standardized mortality ratios in UK districts 1981-1999 in men Asbestos-related diseases were defined as ICD-9 codes 501 (asbestosis), 163 (malignant neoplasm of the pleura) and 158.8 and 158.9 (malignant neoplasm of the peritoneum) as used by Coggon et al. [16] . ICD, International Classification of Diseases. and exposures. Extensive simulation studies have demonstrated the utility of both approaches for reducing ecological bias; HRR methods can also greatly increase power over individual-level data analysis alone. HRR methods have been applied to an analysis of socioeconomic predictors of limiting long-term illness [29] and to investigate the relative contribution of individual and contextual socioeconomic factors on risk of hospital admission for cardiovascular disease and limiting longterm illness [30 ,31 ] .
The applications outlined above used area-level data to define the groups. However, other group structures can be used, for instance, people sharing the same job title. Exposure to known and suspected chemical carcinogens, endotoxins and allergens as well as to work stress, shift work, lack of physical activity and reduced/postponed parity and other factors can all be estimated on an aggregate level using a JEM [32] . This matrix contains estimates of the overall prevalence of exposure and the mean level of exposure among the exposed in the group, for the risk factors of interest for all distinct occupational groups.
JEMs can be combined with data from, for example, disease registers that include occupation information of individuals, to carry out an ecological analysis. However, such an analysis will suffer from the same problems of bias as traditional area-level ecological studies, as exposures are likely to vary within occupational groups. This bias could be alleviated using the methods outlined above if additional individual data were available from, for example, a health survey that includes data on relevant occupational exposures and (for HRR methods) disease outcomes. Expert opinion provided by industrial hygienists or information from survey measurements of distribution of exposure within each JEM group or both could be used to provide further information on the variability of exposure within the occupational groups. This information about the variability of exposure will necessarily be population specific; for example, expert opinion covering jobs in Finland is not necessarily applied appropriately to a British population. Further enhancements to JEMs can be made by adding individual-level data on nonoccupational confounders, such as smoking or alcohol, to the study groupings using data available through national surveys as used in the FINJEM study discussed earlier [8 ] . Alternatively, enhancement data may be feasibly obtained via smallscale detailed individual-level surveys on a subset of the population under study.
We are not aware of any published examples of applications of the methods used by Prentice [28] or Jackson et al. [29] discussed above to JEMs to date. However, the information necessary to enhance JEMs is often collected during JEM development. For example, Swuste et al. [33 ] in 2008 produced JEMs for historical asbestos exposure in the Netherlands using extensive measurements from four different databases on personal asbestos exposure measurements to provide seven categories of average exposure to asbestos using both arithmetic and geometric mean. The geometric SD was also supplied in the paper. Application of new methodologies would result in the use of published distribution (geometric mean and SD) [33 ] being attached to the JEM category. The risk estimates for asbestosis and lung cancer could be further enhanced if information on average fibre diameter as well as mean level of exposure were available [34 ] . This second average (for fibre diameter) would also have a distribution attached. A similar approach could be extended to other disease areas, for example, JEMs for endotoxin exposure where exposure to geometric mean endotoxin exposure was calculated for different job titles [35 ] or to combinations of occupational cumulative exposures such as radon, quartz and arsenic [36 ] .
Conclusion
Recent enhancements in health database coverage and linkage provide new opportunities for occupational health studies. Such group-level information can be enhanced by incorporating individual-level information from other sources to reduce bias in JEMs and provide information on confounders such as smoking. Recent advances in mapping can improve interpretation of maps when numbers of cases are small, and developments in spatial methodology suggest a wider role for the use of spatial analyses to examine occupational lung disease.
References and recommended reading
Papers of particular interest, published within the annual period of review, have been highlighted as: of special interest of outstanding interest Additional references related to this topic can also be found in the Current World Literature section in this issue (p. 179).
